ABSTRACT Objectives: Consistent estimation of the burden of chronic obstructive pulmonary disease (COPD) has been hindered by differences in methods, including different spirometric cut-offs for impaired lung function. The impact of different definitions on the prevalence of potential airflow obstruction, and its associations with key risk factors, is evaluated using cross-sectional data from two nationally representative population surveys.
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is characterised by a progressive decline in lung function. 1 2 In total, 2.9 million deaths were attributed to COPD in 2010, making it the third leading global cause of death. 3 The National Outcomes Strategy for COPD estimated that 835 000 people living in the UK are currently diagnosed with COPD, with a further 2.2 million being undiagnosed. 4 COPD is the second leading cause of emergency hospital admission and is one of the most costly diseases in terms of acute hospital care in England. 4 Healthcare budgeting is often contingent on the estimated burden of disease. Spirometry, the mainstay of lung function assessment, has been used in nationally representative surveys to estimate the COPD burden in terms of prevalence, associated
Strengths and limitations of this study
▪ Estimates of the burden of chronic obstructive pulmonary disease using spirometry data collected in epidemiological studies are inconsistent through differences in methods, including different spirometric cut-offs. ▪ Our study combined two nationally representative samples of adults living in England and Wales, with standardised protocols and objective measurements of lung function, and a wide range of clinically relevant conditions including selfreported respiratory symptoms (chronic cough and phlegm) and breathlessness. ▪ Consistent definitions and up-to-date reference equations were used, providing baseline data for monitoring purposes in the UK, and for facilitating comparison with international studies. ▪ Prevalence estimates were based on prebronchodilator lung function measurements, and so are likely to overestimate true prevalence.
comorbidities and mortality. Estimation of the disease burden has been hindered, however, by differences in methods, including spirometric cut-offs. [5] [6] [7] [8] Fixed thresholds (FTs) use cut-offs for lung function measurements (eg, forced expiratory volume in 1 s/forced vital capacity (FEV 1 /FVC) ratio <0.7) regardless of age, sex, height and ethnicity. 9 An additional threshold for per cent-of-predicted FEV 1 (expected for persons of a given age, sex, height and ethnicity) is also commonly used for severity classification. In contrast, a lower limit of normal (LLN) cut-off uses a statistical definition of abnormal/normal (eg, below/above the lower 5th centile of the distribution of age-specific, sex-specific, height-specific and ethnic-specific FEV 1 /FVC values from a healthy, lifelong non-smoking population). 10 At present, applying FTs such as FEV 1 /FVC <0.7 is the standard approach. However, the European Respiratory Society (ERS) Task Force on epidemiology recently advocated using the LLN in epidemiological studies as FTs overestimate airflow obstruction in older populations, due to the physiological reduction of FEV 1 /FVC with age, and underestimate in young adults, compared with LLN. [11] [12] [13] [14] [15] [16] The controversy over FT versus LLN thresholds is well known with no signs of a consensus among expert groups being agreed. [17] [18] [19] [20] [21] Partly as a result of this controversy, the COPD epidemiological database shows heterogeneity in definitions and consequential estimates of the disease burden. 5 22 Two nationally representative samples, Wave 2 (2010-2012) of the UK Household Longitudinal Survey (UKHLS, 'Understanding Society') and the Health Survey for England (HSE) 2010, collected lung function data using identical measurement protocols and specialist equipment, providing an opportunity to increase statistical precision by combining both data sets. Therefore, the primary objective of the present study was to compare the prevalence of 'potential' airflow obstruction according to FT and LLN thresholds among persons aged 40-95 years living in England and Wales: potential in the sense that the administration of bronchodilators to measure the extent of reversibility in airflow obstruction was not used. As a secondary aim, we compared the sensitivity of associations with risk factors including age, sex, smoking history and socioeconomic position. Using the same variables, we also examined the characteristics associated with spirometry in connection with self-reported physician-diagnosed COPD.
METHODOLOGY Study design and setting
The UKHLS and HSE selected participants using stratified multistage probability sampling designs. 23 Self-reported health information, risk factors and demographics were collected through face-to-face interviews, followed by a visit from a trained nurse during which lung function was measured. Response rates for the Wave 2 interview (among individuals issued) and nurse visit (among eligible participants in the Wave 2 interview) were 61% and 59%, respectively, in UKHLS. In HSE 2010, interview (among the estimated total number of adults in sampled households) and nurse-visit (adults in co-operating households) response rates were 59% and 57%. Sampling methods are described elsewhere. [24] [25] [26] Eligible participants gave written consent to participate in spirometry.
Questionnaire and procedures
Participants were excluded from spirometry for the following safety reasons: pregnancy; had in the past 3 months abdominal/chest surgery, a heart attack, detached retina or eye or ear surgery; admitted to hospital with a heart complaint in the preceding month; a resting pulse rate >120 bpm or currently taking medications for the treatment of tuberculosis. Spirometry, without bronchodilator use, was conducted using NDD EasyOne PCC spirometers (NDD Medical Technologies, Zurich, Switzerland). Quality control was summarised in a session grade based on the number of technically acceptable blows and their reproducibility. Grades A (three acceptable manoeuvres, two highest FVC and FEV 1 within 100 mL), B (three acceptable manoeuvres, two highest FVC and FEV 1 within 150 mL) and C (two or three acceptable manoeuvres within 200 mL) were considered good quality. Full details on measurement procedures are available elsewhere. [25] [26] [27] The highest values for FEV 1 and for FVC, from at least three and up to eight blows, were used. Age-specific, sexspecific, height-specific and ethnic-specific predicted values and z-scores (FEV 1 , FVC and FEV 1 /FVC) were computed using the ERS Global Lungs Initiative (GLI 2012, http://www.lungfunction.org) reference equations. These have been prepared by an international collaboration based on data spanning 26 countries from >70 000 healthy individuals across four ethnic groups (Caucasian, African-American, and North-East Asian and South-East Asian), valid for persons aged 3-95 years 28 29 and have been shown to fit contemporary Australasian spirometric data. 30 FT and LLN spirometric cut-offs Using FTs, we applied the 2007 Global Initiative for Chronic Obstructive Lung Disease (GOLD) classification, 31 which was designed for use with postbronchodilator spirometry: potential airflow obstruction was defined as FEV 1 ) and obese (≥30 kg/m 2 ); diagnosed diabetes; poor self-rated health and reported cardiovascular disease (stroke, angina, myocardial infarction). In HSE, participants were asked to name any long-standing illness: respiratory diseases were identified using International Classification of Diseases, Tenth Revision codes J00-J99. In the HSE, presence of respiratory symptoms was defined as usually coughing first thing in the morning, for at least 3 months/year, and bringing up phlegm from the chest most days for three consecutive months in a year. In the HSE, participants with some limitation of activity due to breathlessness during daily living were identified by a score of 3+ on the Medical Research Council (MRC) dyspnoea scale. Exposure to passive smoking in the HSE was measured by reported number of hours/week currently exposed to cigarette smoke (0, 1-9 and ≥10 h).
Statistical analyses
A lower age limit was used of 40 years due to the low prevalence of non-asthma airflow obstruction in the youngest age groups. 35 As bronchodilators were not used, we excluded participants who reported diagnosed asthma. 34 36-38 Second, prevalence estimates were computed for a subset of sociodemographic variables defined by age, sex, smoking status, pack-years of cigarette smoking and NS-SEC. Third, in the absence of a gold standard, we calculated the sensitivity and specificity of each spirometric criterion, using the alternative cut-off as the reference standard. 40 Fourth, regression analyses were performed using age, sex, pack-years of smoking and NS-SEC as independent variables with airflow obstruction as outcome. Current smoking status could not be entered in the same model as pack-years due to significant collinearity. The dependent variable based on FTs had four categories: nonobstructed, stage I, stage II and stage III+. The LLN-derived outcome had three categories: nonobstructed, stage I and stage II. In each case, multinomial logistic regression was used to estimate relative risk ratios (RRRs), with non-obstructed as the reference category. Multinomial logistic regression generalises logistic regression to outcomes with more than two possible discrete outcomes. The RRR is interpreted as the relative risk of one outcome in relation to the reference category for a specified category of an independent variable compared with the reference. 41 42 Diagnosed COPD was analysed as a binary outcome (not reported/ reported): logistic regression was therefore used to estimate ORs. 39 41 The overall association for independent variables with >2 categories was computed using the adjusted Wald test. The likelihood ratio test was used to estimate the statistical significance of interaction terms: non-significant terms were excluded, and models refitted with only the main effects.
Fifth, to examine risk factors associated with possible underdiagnosis, a four-category outcome variable was created combining diagnosed COPD and spirometric criteria as follows: (1) neither diagnosed nor spirometrically defined obstruction; (2) physician-diagnosed COPD but no obstructive spirometry; (3) spirometrically defined but no diagnosed COPD and (4) both diagnosed and obstructive spirometry. 43 FT and LLN cut-offs were analysed separately. RRRs generated from multinomial logistic regressions were used to examine associations between the same set of risk factors listed above and the composite dependent variable.
Participants with missing values on covariates were excluded from relevant analyses. Tests of statistical significance were based on two-sided probability ( p<0.05). Data set preparation was performed in SPSS V.20.0 (SPSS IBM Inc, Chicago, Illinois, USA), Stata V.13.1 (StataCorp, College Station, Texas, USA) and R (V.3.0.3; R Foundation, http://www.r-project.org). Analysis was conducted in Stata accounting for the complex design of both surveys, using the appropriate weighting variables and primary sampling units. Both datasets are available via the UK Data Service (http://www. ukdataservice.ac.uk).
Sensitivity analyses
Analyses were initially undertaken excluding participants with reported diagnosed asthma and then repeated including those with asthma. In accordance with the previous UK National Institute for Health and Care Excellence (NICE) recommendations, 44 comparisons between FT and LLN were rerun defining only the subset of FT participants with FEV 1 <80% of predicted (ie, stage II+) as having obstructed airflow.
RESULTS
The analytical sample comprised 7879 participants (5936 and 1943 from UKHLS and HSE, respectively) aged 40-95 years, who resided in England and Wales, did not report diagnosed asthma, had valid values of height and ethnicity and provided good-quality spirometry. Response flow charts for the UKHLS and HSE are provided in online supplementary figures S1 and S2, respectively. Excluded participants were more likely to be older, engaged in routine occupations and selfreported respiratory symptoms (data not shown). Differences between the UKHLS and HSE in terms of sex ratio, age, smoking history, NS-SEC and objective measurements of lung function were not materially important (see online supplementary table S1).
Descriptive characteristics of the analytical sample according to physician-diagnosed COPD, FT and LLN are shown in online supplementary tables S2 and S3. Overall, 46.8% of participants were men, with mean age 57.6 years (SD 12.3), 16.6% were current smokers, 4.6% had >50 pack-years of cigarette smoking and 36.5% were engaged in professional occupations. Twelve (0.1%) and 265 (3.2%) participants had missing values for pack-years and NS-SEC, respectively. The prevalence of diagnosed COPD was similar between the sexes ( p=0.349), but was higher for men using FT and LLN (both p<0.001). Participants with diagnosed COPD/obstructive spirometry were more likely to be older, currently smoke, have higher pack-years of smoking and be engaged in routine occupations (all p<0.001). Prevalence of diagnosed COPD was higher in HSE versus UKHLS ( p<0.001), but survey-specific prevalence was similar for FT and for LLN. Participants with diagnosed COPD/obstructive spirometry were more likely to report respiratory symptoms (chronic cough and phlegm) and disease, current use of respiratory medications, cardiovascular disease, breathlessness, poor self-rated health and have, on average, lower ( per cent-of-predicted) values of FEV 1 , FVC and FEV 1 /FVC. The prevalence of respiratory symptoms was 13.7%, 10.2% and 11.3% among participants classed as having airflow obstruction according to diagnosed COPD, FT and LLN, respectively; prevalence of having a score of 3+ on the MRC dyspnoea scale was 34.8%, 12.3% and 15.9%.
Prevalence of airflow obstruction
The prevalence of airflow obstruction was 2.8%, 22.2% and 13.1% using diagnosed COPD, FT and LLN, respectively (table 1) . Using FTs, 11.6%, 8.9% and 1.7% of participants were classed as stage I, stage II and stage III+, respectively. LLN-derived obstruction was 6.6% (stage I) and 6.4% (stage II). For most subgroups, prevalence was highest for FT and lowest for diagnosed COPD, with LLN falling in between. The gap in prevalence between FT and LLN increased in older age groups. Prevalence among participants aged 40-54 years was 11.9% and 10.7% using FT and LLN, respectively. Prevalence among participants aged 75-95 was 45% and 17.2%. Table 2 shows estimates of sensitivity and specificity for FT and LLN, using the alternative spirometric cut-off as the reference standard. When using LLN as reference, specificity-the percentage of participants classed as non-obstructed using LLN identified as non-obstructed using FT-decreased from 94.9% among participants aged 40-64 years to 74.4% among those aged 65-95. Table 3 shows the significant risk factors for diagnosed COPD, and the FT and LLN disease stage classifications (non-obstructed as reference category). For diagnosed COPD, the significant interaction between sex and age group ( p=0.022) suggested no difference in odds between the sexes among participants aged 40-64 years, but higher odds among men aged 65-95. Using FTs, being male was associated with a significantly increased risk of airflow obstruction: RRR 1.35 (95% CI 1.16 to 1.58), RRR 1.35 (1.12 to 1.63) and RRR 1.72 (1.08 to 2.76) for stages I, II and III+, respectively. In contrast, sex differences were not significant using LLN: RRR 1.07 (0.88 to 1.31) for stage I and RRR 1.20 (0.96 to 1.50) for stage II.
Multivariate analyses of airflow obstruction
Odds of diagnosed COPD increased significantly with age only in men ( p=0.022 for the interaction term). Using non-obstruction as reference, RRRs increased significantly with age when using FTs ( p<0.001 for each stage). The age-related difference using LLN was more marked for stage II ( p=0.492 and p<0.001 for stages I and II, respectively). A dose-related increased risk with pack-years of cigarette smoking was observed across each definition ( p<0.001). The difference between NS-SEC levels was more marked with diagnosed COPD ( p=0.012) and the tightest FT and LLN definitions (FT: p=0.002 stage III+; LLN: p<0.001 stage II).
Combination of diagnosed COPD and spirometric cut-offs
The significant risk factors for the two four-category outcome variables created as a composite of diagnosed Relative to the reference category (neither doctordiagnosed nor spirometrically defined airflow obstruction), the risk of reporting COPD in the absence of obstructive spirometry was significantly lower in men using either spirometric criterion (FT: RRR 0.53 (95% CI 0.32 to 0.87); LLN: RRR 0.56 (0.35 to 0.89)). The risk of having obstructed airflow using spirometry but with no diagnosed COPD-thereby indicating possible underdiagnosis-was significantly higher in men, and in older age groups, when using FT but not LLN. For both spirometric criterions, increases in risk with increasing pack-years of cigarette smoking, relative to the reference, was consistent across combinations of COPD/obstructive spirometry; the difference between NS-SEC levels was more marked for obstructive spirometry.
Sensitivity analyses
Repeating analyses by including 1183 participants with reported diagnosed asthma increased prevalence of diagnosed COPD, FT and LLN by 2-3 percentage points (see online supplementary figure S3), but showed similar patterns of association with risk factors. Diagnosed asthma was a strong predictor of diagnosed COPD and obstructive spirometry ( p<0.001, data not shown). Narrowing FT-defined obstruction to the subset of FT participants with FEV 1 <80% of predicted (ie, stage II+) more than halved the FT-derived prevalence (22.2% vs 10.6%). Among participants aged 65-95 years, specificity using LLN as the reference standard was 74.4% and 91.1% for FT and FT stage II+, respectively (table 2) . Patterns of association with risk factors using FT stage II+ were similar to those shown for FT.
DISCUSSION
Consistent estimation of the COPD burden has been hindered by differences in methods, including disagreement among experts over the choice of FT versus LLN spirometric cut-offs. [5] [6] [7] [8] In this study, we combined two nationally representative surveys, with standardised protocols and objective lung function measurements, to evaluate the impact of different definitions on the prevalence of potential airflow obstruction, and its associations with key risk factors. Participants with diagnosed COPD/obstructive spirometry were more likely to be older, currently smoke, have higher pack-years of cigarette smoking, be in lower socioeconomic groups and report the presence of respiratory symptoms (chronic cough and phlegm), cardiovascular disease, breathlessness and poor self-rated health. Among persons aged 40-95 years without physician-diagnosed asthma, prevalence was 2.8%, 22.2% and 13.1%, according to diagnosed COPD, FT and LLN, respectively. The gap in prevalence between FT and LLN increased in older age groups. When using LLN as the reference standard, specificity for FT decreased from 94.9% among participants aged 40-64 years to 74.4% among participants aged 65-95, corresponding to false-positive rates of 5.1% and 25.6%, respectively. Sex differences in the risk of ¶The RRR is interpreted as the relative risk of one outcome in relation to the reference category for a specified category of an independent variable compared with the reference category for that independent variable. Using FT stage I as an example, the RRR for men versus women is interpreted as the relative risk for FT stage I versus non-obstruction for men compared with the analogous relative risk for women, adjusted for the other variables in the model. **Reference category. † †Missing data: 12/7879 (0.2%) pack-years of cigarette smoking; 265/7879 (3.4%) NS-SEC. COPD, chronic obstructive pulmonary disease; FEV 1 , maximum expiratory volume in 1 s; FTs, fixed thresholds; FVC, forced vital capacity; HSE, Health Survey for England; LLN, lower limit of normal (below the 5th centile of z-scores); NS-SEC, National Statistics Socio-Economic Classification; OR, odds ratio; RRR; relative risk ratios; UKHLS, UK Household Longitudinal Survey. §The RRR is interpreted as the relative risk of one outcome in relation to the reference category for a specified category of an independent variable compared with the reference category for that independent variable. Using diagnosed alone as an example, the RRR for men versus women is interpreted as the relative risk for diagnosed alone versus neither diagnosed nor objective spirometry for men compared with the analogous relative risk for women, adjusted for the other variables in the model. ¶Reference category. **Missing data: 12/7879 (0.2%) pack-years of cigarette smoking; 265/7879 (3.4%) NS-SEC. COPD, chronic obstructive pulmonary disease; FEV 1 , maximum expiratory volume in 1 s; FTs, fixed thresholds; FVC, forced vital capacity; HSE, Health Survey for England; LLN, lower limit of normal (below the 5th centile of z-scores); NS-SEC, National Statistics Socio-Economic Classification; RRR; relative risk ratios; UKHLS, UK Household Longitudinal Survey. obstructed airflow, after adjustment for potential confounders, were sensitive to spirometric criteria, being higher among men for FT, compared with no difference using LLN.
Strengths and limitations
Analyses were based on nationally representative samples, with identical measurement protocols and specialist equipment for collecting lung function data. Combining the HSE and UKHLS data sets increased statistical precision for spirometry-based estimates, particularly for population subgroups, and allowed detailed analyses to be conducted. Predicted values and z-scores were obtained from the ERS GLI 2012 reference equations, 28 facilitating inclusion of older participants, nonwhite populations and comparability with international studies. Our study has a number of limitations. Reversibility in airflow obstruction could not be assessed due to bronchodilators not being used. Spirometrybased prevalence, therefore, may be overestimated. Analysis of the National Health and Nutrition Examination Survey (NHANES) 2007-2010 showed that FT and LLN prevalence estimates among US adults aged 40-79 years decreased, in relative terms, by approximately one-third after administration of bronchodilators. 45 Although recent guidelines from NICE 46 and ERS 13 recommend use of postbronchodilator spirometry to confirm the presence of airflow obstruction, debate continues over its use in epidemiological settings, with the arguments against including ethical issues such as possible side effects and contraindications. 47 Potential misclassification of disease status through bronchodilators not being used was reduced by excluding participants with physician-diagnosed asthma. Some participants in the analytical sample, however, may be undiagnosed asthmatics. On the other hand, the disease burden may be underestimated through excluding participants with poor-quality spirometry. Participation in spirometry, and achievement of good-quality standards among participants with any spirometry data, was higher among participants of younger age, engaged in professional/managerial occupations, non-smokers and with no physician-diagnosed COPD. Lower survey participation rates among sociodemographic groups at higher risk of airflow obstruction (eg, older persons, lower socioeconomic groups) would also have led to an underestimation of true prevalence. These limitations, however, are unlikely to affect comparisons across definitions, but may have led to an underestimate of risk associations. The list of health conditions in the UKHLS interview programme included chronic bronchitis and emphysema but not COPD, leading to potential underestimation of self-reported physician-diagnosed COPD.
Comparisons with previous studies Earlier analyses of HSE data 36 38 48 used older reference equations 49 50 applicable only to white, younger populations. Nevertheless, estimates of prevalence and their substantive conclusions of higher prevalence using FT versus LLN, with a widening gap in prevalence in older age groups, and sex differences when using FT but not LLN were similar to ours: confirming findings reported in the USA, 45 Europe, 51 Korea, 16 internationally, 12 and in recent literature reviews. 6 52 A further strength of our study was the wide range of clinically relevant conditions examined in the context of disease staging, with higher prevalence of respiratory symptoms, respiratory and cardiovascular diseases, breathlessness and poor self-rated health among participants in the tightest definitions of FT and LLN obstruction, confirming similar findings in the USA. 53 54 While recent guidelines 13 46 55 recommend adopting multidimensional definitions of respiratory disease, our study outcomes were defined only using spirometry. While we acknowledge the merits of a multidimensional approach, and agree that neither spirometric cut-off is able to fully characterise the complex diagnostic features of COPD, 56 our primary aim was to use up-to-date survey data to evaluate differences in prevalence according to FT and LLN thresholds, to provide baseline data for monitoring purposes in the UK, and promote comparability with international studies. Current recommendations regarding symptom criteria are less specific than those for spirometry. We chose, therefore, to examine the associations between disease staging assessed only using spirometry and presence of respiratory symptoms, rather than broaden the definition of disease.
Implications
Recent UK studies used administrative primary care databases to report the number of diagnosed and treated patients, thereby missing undiagnosed cases. Such studies have reported prevalence below 2%. 57 58 The disparity in prevalence from clinical versus epidemiological studies led to the development of the COPD prevalence model, with the HSE 2001 used as input data, to more accurately estimate prevalence. 59 In accordance with previous NICE recommendations, 44 COPD is currently defined in the model as FT stage II+ (FEV 1 /FVC <0.7 and FEV 1 <80% of predicted), with the logistic regression models showing sharp increases with age and a modifying effect of gender. 60 61 Similar to the findings reported by Jordan et al, 36 our study shows that the strength of association between risk factors and airflow obstruction varies according to spirometric criterion, with age and sex differences in risk being more marked for FT, and for FT stage II+, than LLN. In the absence of agreement among experts, policymakers, clinicians and researchers building the COPD epidemiological database, it is important to appreciate the sensitivity of estimates of the disease burden, and its distribution across sociodemographic groups, to differences in methods, including spirometric cut-offs.
The prevalence of reported physician-diagnosed COPD in our study was 2.8%, considerably lower than spirometry-based estimates, possibly indicating considerable under-recognition by participants and physicians. Using the tightest definitions, prevalence of physician-diagnosed COPD among participants with obstructive spirometry was 30.2% (FT stage III+) and 14.7% (LLN stage II). Similar low rates of physician diagnosis among participants meeting spirometric criteria have been reported in New Zealand. 62 Spirometrically defined airflow obstruction but no diagnosed COPD does not necessarily indicate underdiagnosis. Definitive diagnosis requires further information on all relevant clinical factors, particularly respiratory symptoms and smoking history, as well as postbronchodilator spirometry.
CONCLUSION
In summary, we have enhanced the COPD epidemiological database by evaluating the impact of different definitions on the prevalence of potential airflow obstruction and its associations with key risk factors and comorbidities. With no gold standard currently available, longitudinal studies examining differences in unscheduled hospital admissions and risk of death between FT and LLN may inform the choice as to the best way to include spirometric data in multidimensional assessments of airflow obstruction in clinical and epidemiological settings.
